The average magnitude of relative changes in mean CBFv was reduced in VLBW infants with CS þ VG vs OS þ IMV.
Introduction
Tracheal suctioning is commonly performed in intubated patients to clear secretions from the tracheobronchial airways and maintain patency of the endotracheal tube (ETT). Hypoxemia and arterial desaturation, [1] [2] [3] [4] [5] [6] [7] [8] [9] hypercapnia, 7,10 bradycardia 1,3-6 and elevated mean arterial blood pressure (MABP) [1] [2] [3] [4] 8, 10, 11 have all been observed during and briefly after open tracheal suctioning (OS) in intubated infants. These adverse events are likely related to the loss of lung volume during disconnection from the ventilator with OS. 12 We previously reported that OS was associated with a 30% increase in cerebral blood-flow velocity (CBFv) in very low birth weight (VLBW, birth weight p1500 g) infants. 10 We wondered whether closed tracheal suctioning (CS) would mitigate CBFv disturbances that we previously observed, as CS allows for at least partial ventilation and oxygenation during suctioning.
Although a majority of OS vs CS studies in premature infants observed that CS resulted in attenuated transient disturbances of systemic hemodynamics and gas exchange, 5,9,13-15 a meta-analysis of tracheal suctioning without disconnection 16 failed to recommend CS over OS. Two of the OS vs CS studies also examined effects on cerebral hemodynamics and found no significant benefits with CS, 5, 17 although there was a trend towards diminished changes in cerebral blood volume with CS. 5 Coincident with the clinical practice change from OS to CS in our neonatal intensive care unit (NICU), there was also a change in primary ventilator mode from intermittent mandatory ventilation (IMV) to volume guarantee ventilation (VG). This is important because use of volume-targeted ventilation modes has been associated with reduced death or bronchopulmonary dysplasia (combined outcome), decreased rate of pneumothorax, reduced duration of ventilation, decreased hypocapnia and decreased incidence of severe cranial ultrasound abnormalities, that is, the combined outcome of periventricular leukomalacia or severe intraventricular hemorrhage (IVH), compared with IMV. 18 Although cerebral hemodynamics were not measured in the Cochrane Review studies, [19] [20] [21] [22] [23] the reduction of severe cranial ultrasound abnormalities may reflect less cerebral bloodflow disturbances due to reduced respiratory morbidities in infants managed with volume-targeted ventilation. Therefore, the main objective of this observational study was to investigate whether CS þ VG attenuates acute disturbances of cerebral hemodynamics associated with OS þ IMV in ventilated VLBW infants. 
Methods

Subjects
Monitoring equipment
Measurements of right middle cerebral artery CBFv were made using a transcranial Doppler ultrasound (Nicolet Pioneer, Madison, WI, USA). A lightweight 2-MHz pulsed-wave button transducer was placed transtemporally anterior to the external ear and above the zygomatic arch and held in place by a crocheted hat (courtesy of the Arkansas Extension Homemakers Council). A depth of 16 to 22 mm was used to study the proximal portion of the middle cerebral artery. A 100-Hz low-pass filter was used to dampen 'noise' from the vessel wall. Transducer placement was optimized when the highest intensity acoustic signal was perceived and the highest intensity Doppler spectra were visualized. Fast Fourier analysis was performed on the CBFv signal to determine systolic, diastolic and mean CBF velocities. The ultrasound intensity (5 to 21 mW cm
À2
) was kept very low. CBFv tracings were consistent for >1 h, with minimal to no drift in signal intensity. Almost 93% of Doppler recordings were of excellent quality and used for the analysis.
Continuous blood-gas monitoring was carried out with a Neotrend system (Diametrics Medical, St Paul, MN, USA) or a transcutaneous monitor (MicroGas 7650 rapid, Radiometer, Westlake, OH). Briefly, the skin on either side of the chest was prepped with a small amount of Aquaphor Emollient Ointment (Beiersdorf, Norwalk, CT, USA). A double-sided adhesive ring of tape was applied to the skin, and one drop of an electrolyte solution was placed into the center of the adhesive ring. The probe was then affixed to the adhesive ring. Comparative PCO 2 values from the NICU laboratory, and Neotrend and transcutaneous PCO 2 values, were rarely >3 mm Hg different. There was no apparent drift in Neotrend and transcutaneous PCO 2 values.
Continuous BP monitoring was performed with an umbilical arterial catheter (Diametrics Argyle/Tyco Healthcare/Kendall, Mansfield, MA, USA) attached to a BP transducer (Transpac IV, Abbott, North Chicago, IL, USA).
Experimental protocol
Informed consent was obtained from a parent before participation. CBFv, PCO 2 and BP were monitored from each VLBW infant before, during and after tracheal suctioning during the first week of life. Infants were monitored up to twice daily during the first 3 days and once daily during the next 4 days, if still intubated. Baseline monitoring began B10 to 15 min before suctioning, when infants were quiet and not undergoing any other procedures, and continued for up to B45 min. The UAMS IRB approved the study protocol.
Standard tracheal suctioning protocols
Suctioning was performed only when clinically indicated. Indications for suctioning were determined by the bedside nurse: oxygen desaturation, hypercapnia, clinical deterioration, visible secretions in the ETT, coarse or decreased breath sounds and/or decreased or absent chest excursion. Research personnel were immediately contacted, if the nurse suspected that an infant would soon require suctioning. For OS, the oral ETT was disconnected from the ventilator circuit and an appropriately sized suction catheter was sterilely inserted into the ETT. Wall suction (80 to 100 cm H 2 O) was applied to the catheter, which was withdrawn with one consistent movement. This procedure took B10 s. The ETT was then reconnected to the breathing circuit with pre-suction ventilator settings. For CS, a suction multi-access catheter (Kimberly-Clark Ballard Neonatal Trach Care MAC catheter, Draper, UT, USA) was placed in-line and connected to the ETT. The in-line suction catheter was introduced into the ETT to the desired depth, wall-suction pressure was applied, the thumb control valve was depressed and held for 3 s, and then the catheter was withdrawn with one consistent movement.
During either OS or CS, if the oxygen saturation was <80% or the heart rate was <100 beats per min, several ventilator manual breaths were given. If the infant was still desaturated or bradycardic, the inspired FiO 2 was increased by 10%. If problems persisted, bag mask ventilation with similar mean airway pressure was initiated with increased FiO 2 , and additional suction passes were delayed until vital signs normalized. The suction process was repeated once or twice more until the airway was clear. Saline was rarely used with suctioning during the first week of life.
Statistical analysis
Data are reported as mean±s.d., median (interquartile range), or number where appropriate.
For each suctioning session for each infant, a locally weighted regression (LOESS) 24 technique was used to reveal the pattern of the relative changes (percent changes from baseline) for mean CBFv, PCO 2 and MABP for up to 45 min after suctioning. For example, the patterns of the relative changes in mean CBFv for 45 min after suctioning for two hypothetical infants are shown in Figure 1 for the purpose of illustrating our statistical methods. For Infant A, the relative change in mean CBFv peaked at 30% above baseline, remained above baseline for 25 min, and then fell to 10% below baseline for the duration of monitoring. The area under the curve (AUC) for the first 25 min is designated 'A1' and AUC for the last 20 min is 'A2'. For Infant B, mean CBFv fell to 10% below baseline after suctioning, was decreased for 10 min, and then remained just above baseline for the last 35 min. The AUC for the first 10 min is 'B1' and the AUC for the last 35 min is 'B2'. This same concept was also applied for PCO 2 and MABP for each suctioning session for each infant.
As stability of physiological variables for premature newborns undergoing intensive care is desired, in order to quantify the magnitude of the percent changes from baseline after suctioning for mean CBFv, PCO 2 and MABP separately, the sum of the absolute values of the individual AUCs, calculated using the trapezoidal rule, 25 for each of these three variables was computed separately for each suctioning session for each infant, yielding a Total AUC for each variable for each suctioning session. To illustrate this calculation for a suctioning session for Hypothetical Infant A for mean CBFv, the absolute value of A1 is added to the absolute value of A2 to obtain the desired sum. We shall hereafter refer to such sums as Total AUC (mean CBFv), Total AUC (PCO 2 ), and Total AUC (MABP) for mean CBFv, PCO 2 and MABP, respectively. We decided to use both increases and decreases from baseline when calculating Total AUC because any acute physiological changes may be problematic for VLBW infants. A low Total AUC value implies minimal changes after suctioning, and is most desirable, and a high Total AUC value implies large changes.
Next, a multiple linear regression analysis was performed where the response variable was Total AUC (mean CBFv), and the predictor variables were Total AUC (PCO 2 ), Total AUC (MABP), suctioning-ventilator group (OS þ IMV vs CS þ VG) and birth weight. In this analysis, White's empirical covariance structure estimation method was used, which accounted for the heteroskedasticity in the data and any correlation resulting from suctioning sessions that were performed on the same infant. 26 The last objective was to develop curves illustrating the relative changes from baseline after suctioning for 45 min for mean CBFv, PCO 2 and MABP for each of the suctioning-ventilator groups. This was accomplished by calculating the mean percent change from baseline at every second of monitoring for infants in each suctioning-ventilator group and plotting these as continuous curves.
Results
Subject characteristics
A convenience sample of 75 sequential normotensive, ventilated VLBW infants, without cranial ultrasound abnormalities, had monitoring of mean CBFv, PCO 2 The infants in the CS þ VG group were significantly smaller, less mature and had lower 5-min Apgar scores than the OS þ IMV group (Table 1) .
Tracheal suctioning
For the OS þ IMV group, there was a total of 124 suctioning sessions during the first week of life: 22 on day of life (DOL) 1, 37 on DOL 2, 29 on DOL 3, 15 on DOL 4, 12 on DOL 5, 8 on DOL 6 and 1 on DOL 7. For the CS þ VG group, there were a total of 96 suctioning sessions during the first week of life: 14 on DOL 1, 30 on DOL 2, 23 on DOL 3, 12 on DOL 4, 9 on DOL 5, 6 on DOL 6 and 2 on DOL 7. There was no difference in the distribution of suctioning sessions per day during the first week of life for infants with OS þ IMV vs CS þ VG (Figure 2 ).
Total AUC and multiple regression
The average Total AUC (mean CBFv) was significantly less for CS þ VG vs OS þ IMV (P ¼ 0.0003). The average Total AUC (PCO 2 ) was also significantly less for CS þ VG vs OS þ IMV (P ¼ 0.0004). Total AUC (MABP) was not different for CS þ VG vs OS þ IMV (P ¼ 0.4963). All three analyses were performed using a one-sided t-test.
As the P-value for birth weight was 0.584, birth weight was removed from the regression model. In the final model, Total AUC (PCO 2 ) (P<0.0001) and suctioning-ventilator group (P ¼ 0.015) were statistically significant predictors of Total AUC (mean CBFv), whereas Total AUC (MABP) was not (P ¼ 0.123).
Relative changes of physiological variables for both suctioning-ventilator groups Descriptive curves for the mean relative changes from baseline for 45 min after suctioning for mean CBFv (A), PCO 2 (B) and MABP (C) for each suctioning-ventilator group are shown in Figure 3 . By B6 min after OS þ IMV (red), mean CBFv reached its maximum mean relative increase of B17%, gradually returned to baseline by B23 min, and then remained below baseline for the remainder of the monitoring. For CS þ VG (blue), mean CBFv initially reached a minimum mean relative decrease of À8% at B3 min, returned to baseline by B8 min, and then remained just above baseline for the remainder of the period (Figure 3a) .
The mean percent increase in PCO 2 during OS þ IMV reached its peak of B7% at B8 min, gradually returned to baseline by B26 min, and then remained below baseline for the remainder of the monitoring, with a pattern similar to relative changes in mean CBFv. For CS þ VG, relative changes in PCO 2 decreased to a minimum of À4 to À5% for B5 min, returned to baseline by B16 min, and then remained just above the baseline for the remaining period; again this was similar to the pattern of relative changes in mean CBFv with CS þ VG (Figure 3b ). Relative changes in MABP (Figure 3c ) had similar temporal patterns to relative changes in PCO 2 for each suctioning-ventilator group.
Discussion
Although necessary in ventilated VLBW infants, tracheal suctioning and other routine intensive-care procedures produce numerous undesirable side effects on systemic hemodynamics and gas exchange, which may adversely affect the developing brain. 2, 27, 28 As CS vs OS tended to decrease disturbances of cerebral hemodynamics, 5 and volume-targeted ventilation has been associated with reduced severe cranial ultrasound abnormalities, 18 we wondered whether CS þ VG would mitigate disturbances of CBFv that we previously observed with OS þ IMV in ventilated VLBW infants. 10 We have shown in this observational study for the first time that CS þ VG is associated with less disturbances of cerebral hemodynamics than OS þ IMV in normotensive, conventionally ventilated VLBW infants without cranial ultrasound abnormalities. This is fortunate for VLBW infants in our NICU as CS þ VG has been our first-line suctioning and ventilation method since January 2006. We also observed that Total AUC (PCO 2 ) was associated with Total AUC (mean CBFv), which is consistent with our previous observations. 10, 27 Thus, intensive-care procedures that promote less PCO 2 fluctuations should be considered for use.
Although CS in ventilated neonates has been shown to reduce physiological instability 14, 15 and may be better tolerated by small premature infants, 29 theoretical benefits including reduced nosocomial infections and ventilator-associated pneumonias have not been realized. 29 Moreover, concerns that CS is not as effective as OS in removing secretions has not been shown in ventilated infants. The benefits of CS over OS are believed to be because of the maintenance of functional residual capacity because CS obviates the need for ETT disconnection from the ventilator; again, this has not been demonstrated in human infants. Lastly, although there is a trend towards less-disturbed cerebral hemodynamics with CS, 5 this has not been definitively shown. On the other hand, in the pooled analysis of volume-targeted ventilation vs IMV studies, volume-targeted ventilation was associated with a significant-risk reduction for severe cranial ultrasound abnormalities. 18 Thus, integrating results from our study, together with observations from the two Cochrane Reviews, 16, 18 we speculate that CS (over OS) plus VG (over IMV) may have additive benefits for reducing CBFv disturbances.
Although we observed significantly decreased disturbances of CBFv with CS þ VG vs OS þ IMV, are these results clinically significant? We could not directly answer this question from this observational trial of normotensive, ventilated VLBW infants, without cranial ultrasound abnormalities, who likely had intact cerebral autoregulation (no relationship between CBFv and MABP). When possible, cerebral hemodynamic fluctuations in ventilated premature infants are best avoided. It is unclear from this study, however, whether avoiding CBFv fluctuations makes a difference in preventing brain injury.
There are some limitations to this study. First, we used transcranial Doppler ultrasound instead of more direct measures of CBF. Good correlations, however, have been observed between relative changes of CBFv and near-infrared spectroscopy measures of cerebral hemodynamics. [30] [31] [32] Another limitation of this trial is that we examined physiological variables only after clinically indicated procedures rather than using objective criteria. Although our results could have been influenced by the subjective judgment of the neonatal nurses, we felt that this was a strength of our study, as we left the determination of when to suction to the 'real-world' decision makers. As we did not measure oxygen saturation during the study, we cannot comment on how oxygen desaturation and changes in PCO 2 during suctioning may have produced additive effects on cerebral hemodynamics. Also, we did not prospectively examine suctioning methods and ventilator modes in a randomized manner, but instead compared physiological measures after a NICU clinical practice change. Thus, we did not have monitoring sessions with OS þ VG, or CS þ IMV, could not determine how ventilator synchronization influenced cerebral hemodynamics, and could not differentiate whether CS or VG was more important in mitigating changes in CBFv. Although the study period spanned 5 years, and intensive care procedures and policies may have changed that could have affected our results, our policies for treating hypotension, using permissive hypercapnia, administering surfactant, antibiotics, newborn resuscitation and the group of attending neonatologists did not change during this time. And finally, infants in the second cohort were smaller and less mature. One would assume, however, that the most immature infants would have the largest hemodynamic disturbances following suctioning compared with the more mature infants from the first cohort. This was not observed, and in fact, birth weight was not a significant predictor of changes in cerebral hemodynamics and was removed from the regression model.
In ventilated VLBW infants during the first week of life, OS þ IMV was associated with larger disturbances in cerebral hemodynamics than CS þ VG. Thus, we propose that the combined suctioning-ventilator protocol of CS þ VG should be considered for use in ventilated VLBW infants during the first week of life.
